Abstract Skeletal muscle undergoes continuous turnover to adapt to changes in its mechanical environment. Overload increases muscle mass, whereas underload decreases muscle mass. These changes are correlated with, and enabled by, structural alterations across the molecular, subcellular, cellular, tissue, and organ scales. Despite extensive research on muscle adaptation at the individual scales, the interaction of the underlying mechanisms across the scales remains poorly understood. Here, we present a thorough review and a broad classification of multiscale muscle adaptation in response to a variety of mechanical stimuli. From this classification, we suggest that a mathematical model for skeletal muscle adaptation should include the four major stimuli, overstretch, understretch, overload, and underload, and the five key players in skeletal muscle adaptation, myosin heavy chain isoform, serial sarcomere number, parallel sarcomere number, pennation angle, and extracellular matrix composition. Including this information in multiscale computational models of muscle will shape our understanding of the interacting mechanisms of skeletal muscle adaptation across the scales. Ultimately, this will allow us to rationalize the design of exercise and rehabilitation programs, and improve the long-term success of interventional treatment in musculoskeletal disease.
Motivation
Skeletal muscle undergoes remarkable adaptations to mechanical stimuli. Weight lifters who regularly generate large muscle forces can nearly double the size of their muscles during their careers (D'Antona et al. 2006) . Eccentric exercises enable muscle fiber lengthening (Brockett et al. 2001; Lynn and Morgan 1994) . Conversely, individuals who decrease weight bearing on a lower limb experience a decrease in muscle volume (Psatha et al. 2012; Campbell et al. 2013) . Chronic high-heel wearers, who keep their calf muscles immobilized at short lengths, develop shorter muscles (Csapo et al. 2010) . Figure 1 illustrates the multiscale architecture of skeletal muscle. Structural changes across the molecular, subcellular, cellular, tissue, and organ scales collectively contribute to macroscopic adaptations in overall muscle structure; on the molecular scale, myosin, the key contractile protein, may switch isoform types, changing the intrinsic speed of force generation (Jürimäe et al. 1996; Goldspink and Scutt 1992; Williamson 2001; De Deyne et al. 1999 ). On the subcellular scale, in response to elevated forces, more sarcomeres, the force-producing units of muscle, are built and added in parallel, increasing muscle cross-sectional area (Johnson and Klueber 1991; Farup et al. 2012) . Conversely, in response to disuse, sarcomeres are lost, decreasing muscle cross-sectional area Campbell et al. 2013; Yasuda et al. 2005) . In response to chronic overstretch (Boakes et al. 2007; Lindsey et al. 2002) and eccentric exercise (Blazevich et al. 2007; Seynnes et al. 2007a; Lynn and Morgan 1994) , sarcomeres are added in series to cause muscle lengthening. Conversely, understretch initiates a decrease in sarcomeres in series and muscle shortening (Csapo et al. 2010; Heslinga et al. 1995b; Tabary et al. 1972; Baker and Matsumoto 1988) . On the cellular scale, the chang- ing number of contractile units affects active force generation of muscle fibers. On the tissue scale, passive structures may respond to mechanical stimuli through changes in volume and composition, altering the overall tissue stiffnesses (Kjaer 2004; Williams et al. 1998; Tardieu et al. 1982; Hoang et al. 2007 ). On the organ scale, the organization of muscle fibers, or muscle architecture, may change and contribute to muscle adaptation (Aagaard et al. 2001; Farup et al. 2012; Psatha et al. 2012; Campbell et al. 2013 ).
The complex process by which muscles adapt to mechanical stimuli spans several length scales (Taber 1995) . The past three decades have generated a substantial body of the literature that addresses either different length scales or different mechanical stimuli. Some overviews focus on individual length scales, either molecular Billeter et al. 1997; Baldwin and Haddad 2001) , subcellular (Ehler and Gautel 2008) , or cellular (Haddad et al. 2003a; Tidball 2005a; Carson and Wei 2000) . Others focus on a single mechanical stimulus, for example, underload through limb suspension (Hackney and Ploutz-Snyder 2012) , underload in low-gravity environments (Adams et al. 2003a; Trappe 2002) , or overload through resistance training (Roig et al. 2009; Hedayatpour and Falla 2012; Deschenes and Kraemer 2002) .
Despite extensive efforts, there are almost no overviews that span multiple length scales and multiple mechanical stimuli. This is the objective of our review. By focusing on how changes across the scales cumulatively result in altered form and function, we aim to bring a unifying perspective to the process of skeletal muscle adaptation. We thoroughly review and classify muscle adaptation processes across the scales and highlight individual and mixed mechanical stimuli. Synthesizing published experimental data, we propose suitable muscle adaptation models and discuss their potential use. In the following, we use the word model to refer to a mathematical model, the algebraic equation to characterize a specific phenomenon.
We acknowledge that hormonal, neural, nutritional, and metabolic factors, as well as age, gender, and species, among other factors, can significantly influence the adaptation of skeletal muscle. For the sake of clarity, we exclude these factors in this review. The tendon also plays a critical role in skeletal muscle adaptation. To focus on muscle tissue alone, we omit the tendon in the following discussion.
In the remainder of this manuscript, we adapt the following terminology: Activated muscle generates force. We specify muscle force as isometric if generated by a muscle maintained at constant length, as concentric if generated through muscle shortening, and as eccentric if generated through muscle lengthening. When the sarcomeres operate at their optimal length, they generate maximum force. Peak isometric muscle stress refers to the maximum isometric muscle force divided the physiological cross sectional area of the whole muscle. Peak isometric fiber stress refers to the maximum isometric fiber force divided by the fiber cross-sectional area.
In what follows, we explore four types of chronic mechanical stimuli that trigger muscle adaptation: overstretch, the passive extension of muscle beyond its resting length; understretch, the passive shortening of muscle below its resting length; overload, the active force generation beyond what is needed to maintain the muscle; and underload, the active force generation below what is needed to maintain the muscle.
Muscle anatomy and physiology
2.1 Anatomy and physiology on the molecular and subcellular scales
Sarcomeres, approximately 3 µm long assemblies of proteins, are the contractile units of skeletal muscle (Llewellyn et al. 2008; Cromie et al. 2013) . Contraction requires activity between two major protein filaments in the sarcomere: thick filaments of myosin and thin filaments of actin (Lieber 2009 ). According to the sliding filament theory, the interdigitation of these two filaments is the mechanism of force generation (Huxley and Hanson 1954) . Figure 2 illustrates a sarcomere unit as the region between two adjacent Z-disks (Kho et al. 2012) . The thick myosin filament is a chain-joining molecule of one isoform of the myosin heavy chain protein. The primary myosin heavy chain isoforms in skeletal muscle are the slow Type I and the fast Type IIa and IIb isoforms. However, because these isoforms can switch, muscles also express intermediate, transitional isoforms (Williamson 2001; Caiozzo 2002) . For different myosin heavy chain isoforms, we can model the forcevelocity relationship as where α is the level of muscle activation,λ max is the maximum contraction velocity, andF is a force-length scaling factor. To account for the asymmetry between sarcomere shortening and lengthening, the parameter β varies between β = αF + 4F for shortening with F ≤ αF and β = 10 [αF F max − F]/[F max − 1] for lengthening with F > αF (Thelen 2003) . Figure 3 illustrates how the myosin heavy chain isoform affects the force-velocity relationship of skeletal muscle (Caiozzo 2002) . The curves reflect the classic response of the Hill muscle model (Hill 1938; Millard et al. 2013; Thelen 2003) , calibrated with human fiber experiments (Bottinelli et al. 1996) . The different isoforms interdigitate with actin at different speeds, hence their associations as slow and fast (Scott et al. 2001) . Fiber-type distribution is correlated with sensitivity of adaptation to particular stimuli, with slow muscles being sensitive to underload (Thomason and Booth 1990) and fast muscles being sensitive to overload (Gregory et al. 1986; Tesch 1988) .
Myosin filaments are connected to Z-disks by a large structural protein called titin (Tskhovrebova et al. 1997 ). When muscle is stretched, the titin protein resists passive tension (Gautel 2011b; Magid and Law 1985) . Titin is the main contributor to the passive force along the fiber direction on the subcellular scale (Gajdosik 2001; Patel and Lieber 1996) . We can model the characteristic stretch-stiffening behavior along the fiber direction using a two-component wormlike chain model for the titin protein,
where k B is the Boltzmann constant, T is the absolute temperature, and A is the persistence length (Bustamante et al. 1994; Tskhovrebova et al. 1997) . To account for the two major subregions of the titin protein, we can model titin as two wormlike chains in series with individual parameters for each subregion. Figure 4 illustrates the passive force-stretch response for different titin isoforms. Titin isoforms may vary in length in different muscle types, but also along a single muscle (Granzier et al. 2000) . The length of a particular titin subregion is related to the myosin heavy chain isoform; longer subregions are weakly correlated with slow Type I myosin heavy chain isoforms and shorter subregions with fast Type II myosin heavy chain isoforms (Granzier et al. 2000) .
In addition to titin, the intermediate filament desmin, the actin and myosin filaments themselves, and the actin-myosin cross-links may contribute to the passive fiber force on the subcellular scale (Wang and Ramirez-Mitchell 1983; Shah et al. 2002; Peters et al. 2003; Gajdosik 2001 ).
Anatomy and physiology on the cellular scale
A muscle cell, or muscle fiber, is of cylindrical shape, between 10 µm to 100 µ m in diameter and up to several centimeters in length (Lieber 2009 ). Figure 5 illustrates how thousands of myofibrils, or strands of sarcomeres in series, make up a muscle fiber and account for about 80 % of the total muscle fiber volume (Sherwood 2010) . The number of sarcomeres in series and in parallel influences the muscle fiber length and cross-sectional area, which, in turn, affect the cell's force-generating ability. To model the active force-length relationship, we could adapt a phenomenological multi-linear (Gordon et al. 1966) or multiquadratic (Blemker et al. 2005a ) approach. Instead, here, we motivate the active force-length relationship microscopically from actin-myosin bridging using the probability density function of a log-normal distribution, (Figs. 6, 7) where the optimal fiber stretch λ opt defines the location of the peak of the curve and the standard deviation σ defines its width. Figure 6 illustrates the effects of adding and removing sarcomeres in series at constant fiber length, which shift the force-length curve horizontally through scaling the optimal fiber length λ 0 . Increasing or decreasing the serial sarcomere Active fiber force F act fib versus fiber stretch λ. The active force increases toward the optimal fiber length and then decays. Adding or removing sarcomeres in series, shown in blue and green, increases or decreases the optimal fiber length. Modeled force predicts experimentally measured force shown in red (Gordon et al. 1966) Fig. 7 Active fiber force F act fib versus fiber stretch λ. The active force increases toward the optimal fiber length and then decays. Adding or removing sarcomeres in parallel, shown in blue and green, increases or decreases the fiber cross-sectional area, which increases or decreases the active fiber force. Modeled force predicts experimentally measured force shown in red (Gordon et al. 1966) number increases or decreases the optimal fiber length at which the maximum force is generated. Figure 7 illustrates the effects of adding and removing sarcomeres in parallel, which shift the force-length curve vertically through scaling the force F. Increasing or decreasing the parallel sarcomere number increases or decreases the fiber cross sectional area, which increases or decreases the active fiber force. ). The intramuscular connective tissue, which consists primarily of collagen, can account for 1-10 % of the total muscle mass, but may vary widely among different muscle types (Kjaer 2004) . Figure 8 illustrates the key contributors to muscle mechanics on the tissue scale, the extracellular matrix, the endomysium surrounding each muscle fiber, the perimysium surrounding each fascicle, and the epimysium surrounding the whole muscle (Purslow and Trotter 1994) . The extracellular matrix contributes significantly to the passive mechanical properties of skeletal muscle (Smith et al. 2011 ). We can model the passive matrix force using a one-dimensional version of the classic Holzapfel model for soft biological tissue (Holzapfel 2000; Holzapfel et al. 2000) , projected onto the collagen fiber direction,
In the general three-dimensional setting, the parameters c 0 and c 1 scale the isotropic and anisotropic behavior and the parameter c 2 characterizes the passive tissue nonlinearity. Figure 9 illustrates the characteristic passive force-stretch relationship of skeletal muscle. The passive tissue force increases exponentially with increasing stretch, reflecting collagen fiber untangling (Storm et al. 2005 ) and collagen stiffening (Münster et al. 2013) . Increasing or decreasing the collagen content increases or decreases the passive force. As a result, changes in collagen content and collagen microstructure influence the passive resistance of the whole muscle (Huijing 1999; Yucesoy et al. 2003) .
Anatomy and physiology on the organ scale
Whole muscles can be several centimeter up to a few decimeters long. As illustrated in Fig. 10 , the cross-sectional area and length of individual muscle fibers, which are closely correlated to the parallel and serial sarcomere numbers, affect the force generating ability of skeletal muscle. Muscle architecture, the three-dimensional arrangement of fibers, affects the mechanical behavior on the organ scale.
A critical organ level measure of muscle architecture is the pennation angle, the angle between muscle fibers and muscle force. The pennation angle varies significantly between different muscles ; in muscles with a parallel muscle architecture, muscle fibers are aligned with the force-generating axis, the pennation angle is zero, and the characteristic muscle area is the anatomical cross-section area. For muscles with pennate muscle architecture, muscle Tables 1, 2 , 3, 4 summarizes the literature on multiscale muscle adaptation to various mechanical stimuli in animals and humans. In the following subsections, we discuss these mechanisms in detail.
Muscle physiology of adaptation
3.1 Physiology of adaptation on the molecular and subcellular scales
Adaptation of myosin heavy chain isoform
The myosin heavy chain isoform expression in skeletal muscle can change in response to mechanical cues. Muscle remodeling in favor of a greater percentage of slower myosin heavy chain isoforms occurs in animals subjected to stretch, overload, and eccentric exercise (Goldspink and Scutt 1992; Caiozzo 2002; Caiozzo et al. 1997; De Deyne et al. 1999) . Animal experiments have also shown that the sarcomeres added in response to overload express primarily the slow myosin heavy chain isoform (Talmadge and Roy 1996) . In humans, myosin heavy chain adaptation is not as well understood. Some studies reported shifts toward slower isoforms in response to sufficient overload (Andersen and Aagaard 2000; Fry 2004; Jürimäe et al. 1996; Williamson 2001) , while others found no significant change (Aagaard et al. 2001; Pansarasa et al. 2009 ). In response to underload, limb unweighting (Andersen and Aagaard 2000) , bed rest (Bamman and Clarke 1998; Berg et al. 1997 ) and microgravity Edgerton et al. 1995 ) display mixed results. Some studies reported a fractional decrease in slow-twitch fibers and a fractional increase in fast-twitch fibers D'Antona et al. 2003; Andersen and Aagaard 2000; Edgerton et al. 1995) , while other studies found no change (Berg et al. 1997; Bamman and Clarke 1998) .
Level of neural activation is a major difference among these disuse models. This presents a problem because muscle adaptation can be regulated by neural signals (Kraus et al. 1994; Pette and Staron 2000) and even neural factors unrelated to the activation level (Grossman et al. 1998; Roy et al. 1991) . Most studies do not involve completely severing the nervous system connection. This implies that neural activation remains possible, even in complete unloading (Fournier et al. 1983 ). Several studies have isolated the effect of neural factors with constant levels of disuse and have found more dramatic shifts toward faster myosin heavy chain isoforms in the absence of these signals (Ausoni et al. 1990; Grossman et al. 1998) . Approximately 40 % of Type I MHC composition of the adult rat soleus has been attributed to activationrelated events, implicating variation in neural factors among disuse experiments as a major contributor to discrepancies in results (Grossman et al. 1998) .
Adaptation of titin protein isoform
Despite intense studies, our understanding of how the titin protein may adapt to mechanical stimuli is still incomplete (Neagoe et al. 2003) . Underload experiments in rat have reported mixed results; one study has shown that titin isoform size and density decrease (Kasper and Xun 2000) , while other studies found decreased density but not length (Toursel et al. 2002) or no change in length or density, but an apparent decrease in elasticity (Goto et al. 2003) . Although titin isoform size is weakly correlated to myosin heavy chain type (Prado et al. 2005 ), the precise effect of titin adaptation on overall muscle function is still under intense debate (Neagoe et al. 2003) . It is clear though that titin adaptation has similar (Williams and Goldspink 1978 , 1971 , 1973 Heslinga et al. 1995b; Csapo et al. 2010; Tabary et al. 1972; Williams and Catanese 1988; Baker and Matsumoto 1988; Williams and Goldspink 1984) , Postural misalignment and muscle imbalance (Gossman et al. 1982) , tenotomy (Baker and Matsumoto 1988) Sarcomeres in series ↓ (Tabary et al. 1972; Williams and Goldspink 1978 , 1971 , 1973 Heslinga et al. 1995b; Csapo et al. 2010 effects as extracellular matrix adaptation; it primarily affects the passive force contribution.
Adaptation of serial sarcomere number
Overstretch and understretch of skeletal muscle initiate an increase and decrease, respectively, in the serial sarcomere number (Tabary et al. 1972; Williams and Goldspink 1971; Boakes et al. 2007; Heslinga et al. 1995b; Gossman et al. 1982; Csapo et al. 2010) . Figure 6 illustrates the effect of serial sarcomere number adaptation. Serial sarcomere numbers increase in response to immobilization in a stretched position (Tabary et al. 1972; Williams and Goldspink 1971) and limb lengthening (Boakes et al. 2007; Lindsey et al. 2002; Makarov et al. 2009; Simpson and Williams 1995) . It is well accepted that passive stretch beyond a physiological threshold initiates the process of sarcomerogenesis through a series of cellular and molecular events (Caiozzo et al. 2002a ). However, the precise sequence of mechanotransduction pathways that triggers serial sarcomere adaptation remains largely unknown (Lieber and Friden 2000) . It has been hypothesized that the sarcomere number changes to re-establish the optimal sarcomere length, the length at which maximal force production occurs (Burkholder and Lieber 1998) . Sarcomeres are primarily added at myotendinous junctions, although it may be possible for them to be added throughout the length of a muscle fiber (Williams and Goldspink 1971; Caiozzo et al. 2002a) .
Increased sarcomere lengths, rather than sarcomere numbers, have been observed in a few studies, indicating that adaptation to the overstretch may have been incomplete or partially unsuccessful (Elsalanty et al. 2007; Makarov et al. 2009 ). Failure of a muscle to properly adapt to the overstretch it experiences may result in contracture or insufficient muscle length (Makarov et al. 2009 ). Contracture is one of the most common, and painful, complications of limb-lengthening surgery (Makarov et al. 2009; De Deyne 2002) .
Because muscle protein synthesis increases more dramatically in stretched and stimulated muscle than in stretched and unstimulated muscle (Goldspink 1978 (Goldspink , 1999 , active overstretch triggers serial sarcomere addition to a greater extent than passive overstretch (Seynnes et al. 2007a) . In rats, eccen- tric exercise triggers serial sarcomere deposition (Lynn and Morgan 1994) . In humans, eccentric resistance training also leads to serial sarcomere deposition and enables significant fascicle lengthening (Blazevich et al. 2007; Seynnes et al. 2007a ). This increase in muscle length enables increased range of motion. Sarcomerogenesis serves as a major subcellular mechanism to reposition the muscle to its optimal position within the new force-length relationship Goldspink 1971, 1973; Burkholder et al. 1994) . In response to chronic understretch, the serial sarcomere number decreases. Various animal studies have demonstrated this effect (Baker and Matsumoto 1988; Heslinga et al. 1995b; Tabary et al. 1972; Williams and Goldspink 1971 , 1973 , 1978 . Humans who experience partial or total muscle immobilization (Gossman et al. 1982) , for example, by frequently wearing high heels (Csapo et al. 2010) , may experience chronic muscle shortening caused by a decrease in sarcomeres in series.
Adaptation of parallel sarcomere number
We commonly assume that cross-sectional area is directly correlated to the number of sarcomeres in parallel Potier et al. 2009a; Lieber and Friden 2000; Wickiewicz and Roy 1983) . With the exceptions of steroidinduced hypertrophy (MacDougall et al. 1982) or blockage of the transforming growth factor-β family member myostatin (Lee and McPherron 2001) , this implies that an increase in cross-sectional area of skeletal muscle fibers indicates the addition of sarcomeres in parallel. An array of studies measure increases or decreases in fiber cross-sectional area, and these results are taken as evidence of parallel sarcomere addition or resorption. In particular, functional overload through targeted muscle removal in animals, e.g., synergist removal (Johnson and Klueber 1991) or surgical ablation, and through resistance exercise (Farup et al. 2012; Aagaard et al. 2001; Shoepe et al. 2003) trigger parallel sarcomere deposition. By contrast, disuse initiates parallel sarcomere removal .
Physiology of adaptation on the cellular scale

Adaptation of cross-sectional area
Increase in fiber cross-sectional area, or fiber hypertrophy, is correlated to the number of sarcomeres added in parallel. Figure 7 illustrates the effect of fiber cross-sectional area adaptation. Chronic overloading in animals initiates an increase in fiber cross-sectional area (Johnson and Klueber 1991) . This effect has been recently confirmed in humans in response to resistance exercise (Aagaard et al. 2001; Farup et al. 2012; Shoepe et al. 2003) . The observation that protein synthesis increases in response to resistance exercise supports the hypothesis that the increase in cross section reflects an increase in contractile material, and thus in forcegenerating ability, as illustrated in Fig. 7 (Hubbard et al. 1975; Moore et al. 2005) . The increase in satellite cells following resistance exercise may provide the machinery for increased manufacturing of this contractile material (Mackey et al. 2011) . Recent studies have emphasized the role of miRNAs in mediating the response and adaptation of skeletal muscle to various modes of exercise (Kirby and McCarthy 2013) . Underload initiates a decrease in fiber cross-sectional area, but results vary by disuse model. Some studies of bed rest (Berg et al. 1997; Bamman and Clarke 1998; Widrick et al. 1997) , spaceflight (Fitts et al. 2010; Widrick et al. 1999) , immobilization in humans (Yasuda et al. 2005; Gibson et al. 1987) , and hindlimb suspension in animals (Deschenes 2001) have seen decrease in cross-sectional area across all fiber types. Other animal hindlimb suspension models have shown pronounced atrophy only in slow-twitch fibers (Allen and Linderman 1997; Hanson et al. 2012) . Animal age appears to influence the adaptive response of the fiber cross-sectional area (Deschenes 2001) ; fibers in aged animals may experience delayed atrophy (Yokogawa et al. 2008 ).
The unclear extent to which neural activation is inhibited may prevent direct comparison among unloading studies (Widrick et al. 2002) . Rat experiments on inactivity with and without spinal cord separation have shown that activationrelated events account for at least 75 % of the decrease in fiber size (Grossman et al. 1998) .
Homeostatic cross-sectional area results from balanced protein synthesis and protein breakdown. Studies indicate that the primary contributor to disuse atrophy is a decrease in protein synthesis rather than an increase in protein breakdown. This imbalance causes a net loss of protein mass and cross-sectional area of individual muscle fibers (Gibson et al. 1987 ). Both decreased signaling for protein synthesis (decreased demand) or decreased number of satellite cells following atrophy (decreased supply of protein synthesis machinery) may contribute to the atrophy (Allen et al. 1999) .
Adaptation of peak isometric fiber stress
Peak isometric fiber stress may change in response to mechanical stimuli. Muscle adaptation to long-duration resistance training can initiate an increase in peak isometric fiber stress (Pansarasa et al. 2009 ). By contrast, underload induced by limb unweighting (Widrick et al. 2002) , immobilization (D' Antona et al. 2003) , bed rest (Widrick et al. 1997; Trappe et al. 2004a) , and microgravity (Widrick et al. 1999 ) initiates a decrease. In one study, the decrease in peak isometric fiber stress linearly correlated with the decrease in myosin concentration following underload (D'Antona et al. 2003) . Declines in the number of actin-myosin crossbridges per fiber (D'Antona et al. 2003; Widrick et al. 1999) and in strength per cross-bridge following disuse (Caiozzo 2002) contribute to the loss in muscle strength in response to underload (de Boer et al. 2007a ). Further research is needed to identify other contributors to specific tension of the muscle fiber and quantify their importance and plasticity.
Adaptation of fiber type
Delineating muscle fiber types by myosin heavy chain isoform expression profile is most common, although fiber types exhibit differences in metabolic rates, oxidative properties, and isoform expression of other sarcomeric proteins (Pette and Staron 2000) . The changes in myosin heavy chain isoform on the molecular scale, alongside these other factors, allow for whole fiber-type transitions in response to mechanical stimuli.
Functional overload (Ianuzzo et al. 1976 ) and overstretch (Pattullo et al. 1992; De Deyne et al. 1999 ) are potent initiators of transition to slow-twitch fiber types in animal muscle. Similarly, slow-to-fast fiber-type transitions occur in animals subjected to underload (Canon and Goubel 1995; Caiozzo et al. 1996) . Generally, fast fiber types respond more drastically to overload and overstretch, and slow fiber types respond more drastically underload induced changes (Pette and Staron 2000; Widrick et al. 2002) .
In humans, fiber-type transitions, especially in response to underload, are less consistent than in animals (D 'Antona et al. 2003; Edgerton et al. 1995; Berg et al. 1997; Bamman and Clarke 1998; Yasuda et al. 2005; McDonagh and Davies 1984; Simoneau et al. 1985; Andersen and Aagaard 2000) . Mixed stimuli, variations in neural activity, and different methods of fiber-type classification may obfuscate results in adaptive human fiber-type transitions (Pette and Staron 2000) . Some experimental stimuli may be insufficient, whereas a three month regimen of heavy-load resistance training successfully initiates transitions to slower fiber types (Andersen and Aagaard 2000; Simoneau et al. 1985) . Elite, high-endurance athletes such as long-distance runners have high percentages of slow fibers (Ricoy et al. 1998) , and sprinters and power-weight lifters, who require speed over endurance, have high percentages of fast fibers (Ricoy et al. 1998) , which seem to support the "sufficient stimulus" hypothesis. However, genetics may partially explain endowment of fiber types (Baldwin and Haddad 2001; McDonagh and Davies 1984; Komi and Karlsson 1979) . Despite extensive research, quantitative characterization of the conditions under which fiber-type transitions definitively occur in humans is still lacking.
Fiber-type adaptation affects both force-generating capacity and sensitivity to future adaptation. Although some studies have noted differences in peak isometric force among fast-and slow-twitch fibers (Mutungi and Ranatunga 1996; Taber 1995; Kovanen et al. 1987) , differences in the forcevelocity relationship among these fibers, illustrated in Fig. 3 , contribute to larger force discrepancies, particularly at high shortening and lengthening velocities. Even so, fiber-type percentage has a smaller effect on whole muscle force, in comparison to other parameters, such as muscle length, cross sectional area, and pennation angle, as long as velocity of contraction does not approach maximum shortening or lengthening (Fig. 3) (Burkholder et al. 1994; Lieber 2009 ). Predominantly, slow-twitch muscles are more responsive to underload (Thomason and Booth 1990) and that fast-twitch muscles are more sensitive to overload (Gregory et al. 1986; Tesch 1988) . Switching myosin heavy chain isoforms and fiber types may thus incrementally alter a muscle's sensitivity to further adaptation.
Physiology of adaptation on the tissue scale
Adaptation of extracellular matrix volume
Extracellular matrix, through volume, structure, and stiffness variation, adapts in response to mechanical stimuli (Kjaer 2004; Miller et al. 2005) . Figure 9 illustrates the effect of extracellular matrix stiffening on the passive force-length properties of skeletal muscle.
Chronic overload, overstretch, and understretch all initiate an increase in the passive stiffness of skeletal muscle (Reid and Mcnair 2004; Williams et al. 1998; Tabary et al. 1972; Williams and Goldspink 1978; Tardieu et al. 1982; Janecki et al. 2011; Kjaer 2004; Hoang et al. 2007 ). Increased passive stiffness can be facilitated through increased extracellular matrix volume (Pontén and Fridén 2008; Williams and Goldspink 1984) , especially that which is enabled by increased collagen content (Williams et al. 1998; Kjaer 2004; Miller et al. 2005) . Because collagen is so stiff in comparison to skeletal muscle fibers, a change in collagen content can noticeably alter the passive mechanical properties of skeletal muscle (Kovanen et al. 1987) . Further increase in tissue stiffness can arise through reorientation of collagen fibers (Williams and Goldspink 1984) . In animal models, changes in extracellular matrix chemistry and fiber crosslinking also alter its passive stiffness (Ahtikoski et al. 2001; Akeson et al. 1977; Woo et al. 1975) . Several different mechanisms operate in the regulation of extracellular matrix properties.
Stretch regimens show inconsistent results. This may be because tendon compliance changes in response to mechanical stimuli in conjunction with, or instead of, skeletal muscle passive stiffness (LaRoche and Connolly 2006; Nordez et al. 2006; Kjaer 2004) . Passive muscle stiffness is different from range of motion, which is improved through stretching and is associated with improved tendon compliance rather than decreased passive muscle stiffness Magnusson et al. 2008) .
Many questions remain unanswered regarding the underlying mechanisms of extracellular matrix remodeling (Röhrle et al. 2012) . However, it is clear that this adaptation contributes significantly to changes of whole muscle properties. Increased stiffness increases load resistance and renders connective tissue more damage resistant, particularly within a remodeling muscle (Kjaer 2004) . Increased extracellular matrix may be a temporary response to the injury induced by extreme mechanical stimuli (Gillies and Lieber 2011; Hoang et al. 2007 ). Extracellular matrix turnover in general facilitates cell migration, formation of new muscle, and reorganization of the extracellular matrix, events necessary for muscle adaptation (Gillies and Lieber 2011) . Accumulation or depletion of connective tissue in skeletal muscle may further enable adjustment of the relative importance of the titin protein (Fig. 4) and extracellular matrix material (Fig. 9) to passive properties of skeletal muscle as a whole (Fig. 11 ) (Neagoe et al. 2003) .
Physiology of adaptation on the organ scale
The consequences of adaptation to mechanical stimuli on the smaller scales collectively contribute to changes on the whole muscle scale.
Adaptation of anatomical cross-sectional area and volume
Overload induced by resistance exercise leads to increased anatomical cross-sectional area (Farup et al. 2012; Moore et al. 2005; Erskine et al. 2010a; Kubo et al. 2010; Blazevich et al. 2007; Seynnes et al. 2007a; Kraemer et al. 2004a; Aagaard et al. 2001; Seger et al. 1998; Johnson and Klueber 1991) and whole muscle volume (Erskine et al. 2010a; Aagaard et al. 2001) in both humans and animals. Sub-jects in eccentric and concentric training studies experience a greater increase in muscle mass in response to high-intensity eccentric training than in response to concentric training (Roig et al. 2009 ). This motivated the hypothesis that the higher absolute loads generated during eccentric contractions are the critically important mechanical stimuli (Roig et al. 2009; Booth and Thomason 1991) . Controlled animal studies have revealed that intermittent passive stretch may trigger both radial and longitudinal growth (Goldspink 1999) . However, this observation may be the result of passive stretch in the presence of rapid natural growth experienced by small rodents (McDonagh and Davies 1984) . In humans, passive stretch does not induce significant protein synthesis or hypertrophy (Fowles et al. 2000) . What initiates hypertrophy is not well understood; competing hypotheses suggest that either active strain (Fowles et al. 2000) or fiber stress (Goldspink and Yang 2001 ) may regulate anatomical crosssectional area. Underload initiated by disuse causes a drastic decrease in anatomical cross-sectional area (Campbell et al. 2013; Seynnes et al. 2008; de Boer et al. 2007a; Berg et al. 2007; Akima et al. 2001; Psatha et al. 2012; Yasuda et al. 2005) and whole muscle volume (Campbell et al. 2013; Seynnes et al. 2008; Psatha et al. 2012) . Two months of disuse can cause a muscle to atrophy to half of its normal size (Sandler 1986) . Limited literature is available on the effect of understretch with continued muscle loading, although this situation is commonly experienced in humans by chronic high-heel wearers (Csapo et al. 2010) . Although muscles in chronic high-heel wearers shorten, the cross-sectional area of these muscles does not significantly change (Csapo et al. 2010) .
Increase and decrease in fiber cross-sectional area translate directly into increase and decrease in anatomical crosssectional area via the pennation angle.
Adaptation of pennation angle
Pennation angle can vary among different muscles and is highly plastic (Lieber and Friden 2000) . Muscle adaptation can include a reorientation of muscle fibers in addition to changes in fiber geometry. Fiber reorientation may affect both the amount of force that can be exerted over a cross-sectional area and the transmission of force among the individual fibers (Seynnes et al. 2007a; Kawakami 1993) .
Increased pennation angle is positively correlated with increased sarcomeres in parallel, is negatively correlated with the number of sarcomeres in series, and can change with muscle hypertrophy (Farup et al. 2012; Erskine et al. 2010a; Blazevich et al. 2007; Seynnes et al. 2007a; Aagaard et al. 2001) . These observations motivate the hypothesis that the fascicle angle adapts to accommodate hypertrophy within the limited space available in the whole muscle (Kawakami 1993; Blazevich et al. 2007; Aagaard et al. 2001) . For a muscle of constant fascicle length, fiber length, and fiber number, experimental evidence indicates that an increase in fiber diameter is correlated to an increase in pennation angle (Kawakami et al. 1995; Maxwell et al. 1974 ). This fiber-packing strategy allows for maximizing the number of contractile elements attached to a tendon (Kawakami et al. 1995; Burkholder et al. 1994) . As expected, an underload induced decrease in anatomical cross-sectional area results in a decrease in pennation angle (Campbell et al. 2013; Seynnes et al. 2008; de Boer et al. 2007a; Psatha et al. 2012) .
Adaptation of fascicle length
Eccentric exercise initiates fascicle lengthening (Blazevich et al. 2007; Seynnes et al. 2007a; Brockett et al. 2001) , whereas understretch, e.g., in chronic high-heel wearing, initiates fascicle shortening (Csapo et al. 2010) . The extent to which the lengthening or shortening of myofibrils, i.e., the addition or resorption of sarcomeres in series, contributes to the change in fascicle length depends on the pennation angle.
The relationships between fascicle length and pennation angle and between pennation angle and anatomical cross-sectional area indicate that whole muscle adaptation is simultaneously dependent on both muscle length and crosssectional area. For example, in the presence of underload and understretch, e.g., during immobilization in a shortened position, rat muscle cross-sectional area decreases (Heslinga et al. 1995b) . A controlled animal model has shown that in the highly pennated gastrocnemius, cross-sectional area changes alone proved sufficient to establish a new muscle force-length relationship without the removal of sarcomeres in series (Heslinga et al. 1995b ). In the unipennate soleus, however, cross-sectional area changes alone were insufficient to induce the required change in length, and a removal of sarcomeres in series was necessary. These studies affirm the crucial role of architectural remodeling in skeletal muscle adaptation.
Adaptation of peak isometric muscle stress
Overload increases peak isometric muscle stress (Erskine et al. 2010a) , whereas limb unweighting (Seynnes et al. 2008 ) and immobilization (Yasuda et al. 2005 ) decrease peak isometric muscle stress. Adaptation to peak isometric fiber stress likely scales up to the organ scale (Pansarasa et al. 2009; D'Antona et al. 2003; Trappe et al. 2004a ).
Modeling muscle adaptation
The past two decades have seen significant advancements in skeletal muscle modeling. Global, three-dimensional models of electrical activation and mechanical contraction now provide great insight into muscle anatomy, structure, and function on multiple scales Böl and Reese 2008a; Böl 2010; Röhrle et al. 2008; Röhrle 2010; Oomens et al. 2003; Lemos et al. 2004 ). Local models complement this insight by studying the interaction among the biochemistry, metabolism, and force production in skeletal muscle (Dash et al. 2007; Murtada et al. 2012) . However, muscle models that reliably predict the long-term response of skeletal muscle are still surprisingly rare (Taber 1998; Kuhl 2014) . A recent study focused on modeling the adaptation of skeletal muscle in response to chronic understretch and overstretch (Wren 2003) . This pioneering work provided valuable insight, but was limited to a one-dimensional model.
First attempts to simulate the chronic adaptation of skeletal muscle in a fully three-dimensional setting using a multiscale, multifield model are currently underway (Zöllner et al. 2012b ). These models rely on a three-step procedure: First, they project global, whole muscle strain and stress onto local subcellular stretch and force using microstructural information such as volume fractions and pennation angles. Second, they locally evaluate the biochemistry and metabolism on the cellular scale, for example, by simulating the deposition or removal of sarcomeres in series or in parallel to predict the resulting stretch and force. Third, they recollect this information and translate local cellular stretch and force back to global, whole muscle strain and stress using microstructural information (Göktepe et al. 2010 ). Key to this method is the modularity of the second step, which enables the seamless integration of various cellular and molecular processes into a whole muscle model . Finite element methods are typically the first choice to naturally embed this approach by modeling the whole muscle and tissue information globally at the node point level and integrating the cellular and molecular processes locally at the integration point level (Ambrosi et al. 2011; Göktepe et al. 2010a ). In the following subsections, we suggest possible muscle adaptation models in response to chronic overstretch, overload, and underload and compare them against experimental and clinical data.
Modeling adaptation to overstretch
To model skeletal muscle adaptation in response to chronic overstretch, we consult experiments of chronic limb lengthening (Matano et al. 1994) . In these experiments, the serial sarcomere number increased exponentially and then converged toward a homeostatic equilibrium value, which was correlated to the amount of overstretch. This motivates the (Matano et al. 1994) following equation for changes in serial sarcomere number in response to overstretch (Zöllner et al. 2012b) ,
Here, n is the serial sarcomere number, n max is its limiting value, τ is a time constant that controls the adaptation speed, and γ controls the nonlinearity of the adaptation process. The switch factor (λ e − λ o ) controls the amount of overstretch and activates the serial addition of sarcomeres only if the elastic muscle stretch λ e exceeds the physiological baseline value λ o . Figure 12 illustrates the gradual increase in serial sarcomere number in response to long-term overstretch. On the subcellular scale, the sarcomere number increases gradually to reduce the sarcomere stretch λ e and to reposition the sarcomere and the muscle fiber back into their optimal operating regime (Arnold and Delp 2011) . On the organ scale, the muscle increases in length to compensate for the amount of overstretch or passive force (Taber 1998) . Increasing or decreasing the amount of overstretch increases or decreases the serial sarcomere number. The model, shown as black dashed line, captures the general trend observed during chronic limblengthening experiments in rabbits, shown as red circles, where the serial sarcomere number increased by 14 % to compensate for the chronically applied overstretch of λ = 1.14 (Matano et al. 1994 ).
Modeling adaptation to overload
To model skeletal muscle adaptation in response to chronic overload, we examine results of training protocols, in which Cross-sectional area versus time. The cross-sectional area increases exponentially and converges toward a homeostatic equilibrium, which depends on the applied overload. Increasing or decreasing the overload, shown in blue and green, increases or decreases the crosssectional area. Modeled cross-sectional areas, shown as black dashed line, predict experimentally measured cross-sectional areas, shown as red circles (DeFreitas et al. 2011) the muscle cross-sectional area of the human thigh was measured throughout a period of 8 weeks of training (DeFreitas et al. 2011) . In these experiments, the cross-sectional area increased exponentially and then converged toward a homeostatic equilibrium value. In analogy to the previous section, we can introduce the following equation for changes in crosssectional area in response to chronic overload (Rausch et al. 2011) , (Fig. 13) Here, A is the cross-sectional area, A max is its limiting value, τ is a time-constant that controls the adaptation speed, and γ controls the nonlinearity of the adaptation process. Conceptually similar to overstretch, we have introduced a switch factor (F − F o ) to control the amount of overload. It activates the parallel addition of sarcomeres only if the total muscle force F exceeds the physiological baseline value F o . Figure 13 illustrates the gradual increase in cross-sectional area in response to long-term training. On the organ scale, the muscle increases its cross-sectional area to compensate for the amount of overload or active force (Taber 1998) . On the subcellular scale, these changes are brought about by the parallel addition of sarcomeres, which form additional myofibrils to increase the overall cross-sectional area. Increasing or decreasing the overload increases or decreases the crosssectional area. The model, shown as black dashed line, agrees well with exercise protocols in humans, shown as red circles, where the cross-sectional area of the right thigh muscles increased by 9.59 %, from 145 to 158.9 cm 2 , in response to overload generated by exercise (DeFreitas et al. 2011 ). (Gruther et al. 2008) 4.3 Modeling adaptation to understrech or underload To model skeletal muscle adaptation in response to chronic understretch or underload, we consult measurements of patients of the intensive care unit who underwent bed rest over periods of up to 100 days (Gruther et al. 2008) . In these patients, the muscle layer thickness decreased exponentially and then converged toward a minimum baseline value. This motivates the following exponential equation for muscle loss in response to chronic understretch or underload,
Here, V is the normalized muscle volume, and V min is its minimum baseline value. The time parameter τ , which controls the adaptation speed, can either have a constant value or be a function of the amount of understretch τ (λ) or underload τ (F). The exponential nature of the muscle loss equation enables its explicit integration to obtain the following direct expression for the whole muscle volume as a function of time, Figure 14 illustrates the gradual loss of muscle volume in response to long-term bed rest. On the organ scale, muscle decreases its volume and mass to compensate for the amount of underload. On the subcellular scale, understretch and underload initiate the serial and parallel removal of sarcomeres. Increasing or decreasing the amount of understretch λ or underload F increases or decreases the speed of muscle volume loss τ as shown in blue and green. This model, shown as black dashed line, captures the trend of the skeletal muscle loss in bedridden hospital patients, shown as red circles (Gruther et al. 2008) . Using an exponentially decaying function to model muscle loss as a function of disuse time is supported by prior work, in which an exponential function was utilized to model fiber volume, obtained by biopsy, as a function of time of immobilization (Gibson et al. 1987) . In this prior study, fiber volume loss was proportional to loss in protein mass (Gibson et al. 1987) . This illustrates that muscle atrophy propagates across the scales, from protein mass via fiber volume to whole muscle volume. These phenomena support the use of exponential multiscale models to characterize muscle loss in response to understretch or underload.
Discussion
In this review, we have discussed current challenges in modeling skeletal muscle adaptation. The major roadblock toward reliable, predictive modeling of muscle adaptation is the lack of adequate experimental data with sufficient resolution in both space and time. Most existing datasets on skeletal muscle adaptation report information of a single spatial scale. To truly link cause and effect, it would be critical to characterize the adaptation process across multiple spatial scales. In addition, almost all existing studies are limited to only two time points, the initiation of the adaptation process at time zero and the result at a later time point. To create mathematical models that reliably predict the progression of the muscle adaptation, it would be important to characterize the adaptation process at multiple points in time.
After our thorough literature review, we suggest the following set of experiments to provide insight into the time line of chronic muscle adaptation: (i) monitoring the serial sarcomere number, fiber length, and whole muscle length upon progressive overstretch at multiple time points (Matano et al. 1994 ) similar to Fig. 12 , but now by gradually increasing the magnitude of stretch; (ii) monitoring the parallel sarcomere number, fiber cross sectional area, and anatomical cross-sectional area at multiple time points (DeFreitas et al. 2011 ) similar to Fig. 13 , but now by gradually increasing the magnitude of load; and (iii) monitoring the total sarcomere number, fiber size, and muscle volume upon understretch and underload at multiple time points (Gruther et al. 2008 ) similar to Fig. 14. On the subcellular scale, recent developments in microendoscopy now enable noninvasive sarcomere imaging both in animals and humans, to characterize changes in serial and parallel sarcomere number in vivo (Llewellyn et al. 2008; Cromie et al. 2013 ). On the cellular, tissue, and organ scales, features such as fascicle length, pennation angle, and muscle thickness can be characterized noninvasively in vivo using ultrasound (Asakawa et al. 2002 ).
The measured datasets could then be collectively integrated into a unified, holistic multiscale model of chronic muscle adaptation, which should at least include the following information: (i) at the molecular and subcellular scales: changes in myosin heavy chain isoform, which affect active muscle velocity according to Fig. 3; (ii) at the cellular scale: changes in serial sarcomere number, which affect fascicle length and active muscle force according to Fig. 6; (iii) at the cellular scale: changes in parallel sarcomere number, which affect anatomical cross-sectional area and active muscle force according to Fig. 7 ; (iv) at the tissue scale: changes in extracellular matrix volume, structure, and composition, which affect passive muscle stiffness according to Fig. 9 ; (v) at the organ scale: changes in pennation angle, which affect anatomical cross-sectional area and active muscle force. Taken together, these changes in myosin heavy chain isoform, fiber length, fiber cross-sectional area, extracellular matrix stiffness, and pennation angle collectively impair the adaptation of overall muscle form and function.
A model like this includes five key players in chronic muscle adaptation to mechanical stimuli, but it is, of course, not comprehensive. The following information could be included in a more advanced model of chronic muscle adaptation: (vi) at the molecular scale: changes in titin isoform (Kasper and Xun 2000; Toursel et al. 2002; Goto et al. 2003); (vii) at the subcellular scale: changes in number (D'Antona et al. 2003; Widrick et al. 1999 ) and force (Caiozzo 2002 ) of actomyosin cross-bridges within the sarcomeres; (viii) at the cellular scale: changes in desmin protein content, as desmin also affects passive myofibril stiffness (Wang and RamirezMitchell 1983; Shah et al. 2002; Peters et al. 2003) ; (ix) at the organ scale: changes in collagen fiber orientation and extracellular matrix composition (Kuhl and Holzapfel 2007; Saez et al. 2013 ); (ix) at the organ scale: changes in tendon geometry and tendon stiffness, which affect passive mechanical properties of the muscle-tendon unit (Delp and Zajac 1992) . Beyond the organ scale, this approach does not yet address the wide variety of factors that influence muscle adaptation at larger, more integrative scales. This includes muscle-specific architecture, attachment geometry, and function (Blemker and Delp 2006) , as well as subject-specific neural factors, age, gender, species, nutrition, and hormone levels (Joo et al. 2013 ). These factors may significantly affect adaptation (Reeves et al. 2009; Yasuda et al. 2005; Eriksson et al. 2005; Deschenes 2001 ).
The major advantage of multiscale modeling, in comparison to individual single-scale modeling, is that it will provide a more holistic understanding of skeletal muscle adaptation. Ultimately, multiscale models have the potential to explain mechanisms using parameters that have a clear physical interpretation, rather than using phenomenological parameters that are based on data fitting. For example, multiscale modeling could provide useful bounds on the speed of muscle growth or identify the energy required to build a specific amount of new muscle using assembly kinetics from the molecular and subcellular scales.
Conclusion
This review has systematically categorized skeletal muscle adaptation in response to various mechanical stimuli from the molecular to the organ scale. From this classification, we have identified four major driving mechanisms of skeletal muscle adaptation: overstretch, understretch, overload, and underload; and five key players in skeletal muscle adaptation: changes in myosin heavy chain isoform, serial sarcomere number, parallel sarcomere number, pennation angle, and extracellular matrix composition. We have highlighted major dependencies among these variables and the initiators of changes within them. We have discussed the adaptation with respect to isolated and combined mechanical stimuli and reviewed protocols to study their impact in animal models and in human health, training, and rehabilitation. From the insight gained through these studies, we have suggested three muscle adaptation models in response to overstretch, overload, and underload. Mathematical modeling has a tremendous potential in understanding skeletal muscle adaptation across the scales. Computational modeling can naturally integrate the mechanobiology of muscle adaptation at the molecular, subcellular, and cellular scales into the biomechanics at the organ and tissue scales. Computer models not only provide detailed insight into the interacting mechanisms of muscle adaptation; they can also serve as valuable tools to predict outcomes of pharmaceutical or interventional treatment, and help design individualized training, treatment, and rehabilitation plans.
